Synchrony of circadian rhythms between tissues/organs appears critical for health. A new study reports that meal timing, a modifiable temporal cue for the circadian system, can selectively uncouple circadian rhythms in metabolic physiology from the central circadian clock in humans.
With obesity rates and metabolic disorders on the rise, the search for modifiable risk factors other than diet and exercise has received increasing attention. Circadian misalignment and sleep loss have recently emerged as key contributors to metabolic disease [1, 2] . Both typically co-occur transiently when travelling across time zones, or more chronically in shift workers, who need to work, be active, and eat at times when the circadian system tunes the body to rest. The circadian system relies on a network of clocks, distributed across all tissues, from brain to periphery, and which are differentially sensitive to Zeitgebers (i.e., time cues). For example, while it has been long-recognized that light is the primary Zeitgeber for the central clock in the suprachiasmatic nucleus (SCN) of the brain, animal studies have shown that food intake can serve as a major time cue for metabolic tissue clocks, such as the liver, but not for the SCN. Conflicting Zeitgeber timing can lead to internal desychrony, a state where different clocks throughout the body are out of sync [3] . Long-term exposure to internal desynchrony is thought to contribute to the adverse metabolic effects of circadian misalignment, including the increased risk for type 2 diabetes among shift workers [4] . The insight that food timing can change the timing of some, but not other, clocks has so far primarily been based on experimental animal data. In a recent issue of Current Biology, Wehrens et al. [5] now report that this dissociation between central and peripheral clocks can also be induced in humans by manipulating meal timing. In a seminal paper, Stokkan and colleagues [6] manipulated timing of food availability in rats, and effectively shifted clock gene expression rhythms in peripheral tissues, while the SCN remained entrained to the light/dark cycle. In humans, Kr€ auchi et al. [7] examined the effects of a single, carbohydrate-rich meal on daily rhythms in melatonin, core body temperature and heart rate. While melatonin rhythms are the gold standard for assessing central circadian phase in humans, circadian rhythms in core body temperature and heart rate also reflect peripheral contributions. Their results showed that a large meal in the morning can shift core body temperature and heart rate rhythms to an earlier phase by about 1 hour, while melatonin rhythms remain unchanged. This observation suggested that meal patterns can potentially uncouple central and peripheral rhythms also in humans. However, while light intensity was kept low and posture constant, the protocol by Kr€ auchi et al. allowed for sleep at night, precluding assessment of endogenous circadian rhythmicity across 24 hours, and did not include more direct assessments of metabolic function. Wehrens et al.'s contribution [5] significantly extends those initial experiments by providing convincing evidence that meal timing can specifically affect endogenous circadian rhythms in metabolic tissues and physiology and uncouple them from central circadian phase.
By carefully removing the influence of sleep/wake, fasting/feeding, rest/ activity, postural, and dark/light cycles, various studies have demonstrated circadian rhythms in circulating glucose levels, consistently peaking in the biological night [2] . Wehrens and colleagues [5] have used such a highly controlled circadian protocol, the constant routine protocol (Figure 1 , left panel), to study the after-effects of a 5-hour shift in meal timing on central and peripheral clocks and glucose metabolism. Participants came into the lab twice, first after eating three isocaloric meals every 5 hours, starting 30 minutes after wake-up, and a second time after shifting this sequence 5 hours later. Comparing glucose profiles after early versus later meals, the authors show a dramatic shift in the timing of circadian glucose rhythms by almost 6 hours ( Figure 1, right panel) . Because those data were collected in dim light conditions, and in the absence of sleep, physical activity, and feeding/fasting cycles, outcome measures are not confounded by any acute effects of meal timing. Interestingly, insulin levels were shifted by only 3 hours (a non-significant change after adjustment for multiple comparisons). The rhythm in triglycerides was not shifted at all. These findings suggest that changes in the rhythms of insulin or triglyceride concentrations cannot readily explain the effect of meal timing on glucose profiles. Recent work has shown an endogenous circadian rhythm in insulin sensitivity in human subcutaneous adipose tissue (SAT) [8] , raising the question of whether shifts in the peripheral tissue clock may contribute to a shift in the endogenous circadian rhythm of glucose. Interestingly, Wehrens et al. [5] report a 1-hour shift in the rhythmicity of the canonical clock gene PER2 (but not PER3 or BMAL1) in SAT. However, this is also unlikely to explain the much larger effect of meal timing on glucose profiles.
At first glance, it is surprising that only SAT PER2, but not PER3 or BMAL1, was significantly affected by the shift in meal timing, suggesting a potential uncoupling of intracellular rhythms. Also in whole blood, meal timing didn't influence PER3 and BMAL1, and unfortunately PER2 was not assessed. Future studies are needed to determine whether PER2 in whole blood is influenced by meal timing, to determine whether this effect is tissue or clockgene specific. Figure 1 . Meal timing uncouples clocks.
Left panel: the 13-day protocol by Wehrens et al. [4] . Participants followed their self-selected sleep/wake and light/dark cycle corresponding to their habitual routine during the 10 days prior to the experiment. A week prior to the experiment, individuals were asked to eat regularly, having a meal 0.5 hours after wake-up, and then two subsequent meals at 5.5 hours and 10.5 hours after wake-up. Once entering the laboratory, individuals kept following their self-selected sleep schedule from day 0-3 (wake: light grey bars, sleep: black bars). During wake time, individuals were exposed to about 500 lux environmental light, while sleep occurred in darkness. In the early meal timing (or baseline) condition, participants received three isocaloric meals (dark blue dots), again starting 0.5 hours after wake up, followed by two additional meals at 5-hour intervals. On day 4, 2 hours after wake up, participants started the 37 hour constant routine protocol, during which they received hourly, isocaloric snacks (light blue dots) of 100 kcal, stayed in dim light (<8 lux), and did not sleep. Blood draws for melatonin and cortisol samples occurred every hour, while those for glucose, insulin and triglyceride assessments took place every two hours. Subcutaneous adipose tissue biopsies were taken every six hours. Participants then transitioned to the late meal timing condition on day 6, for a further six days. Environmental and behavioral conditions were identical to the early meal timing condition, except that all meals were shifted by 5 hours. On day 12, the second constant routine started, replicating all previous assessments. Right panel: summary of the results of Wehrens et al. [4] . This panel displays phase shifts of all experimental read-outs on a 12 hour clock. As hypothesized, markers of the central clock in the brain (top), such as timing of rhythms of melatonin and cortisol, did not show after-effects of late meal timing (bottom, dotted arrow from the body clock), suggesting they are mostly under central control (thick black arrow from SCN to non-shifted read-outs). It is critical to note that phases were assessed in the absence of acute exposure to dark/light, sleep/wake, or fasting/feeding cycles during constant routine protocols. Thus, the results are corresponding to after-effects of the Zeitgebers light (symbolized by shadowed light bulb at the top) and meals (the fork with food at the bottom). SCN, suprachiasmatic nucleus; KSS, Karolinska Sleepiness Scales; SAT, subcutaneous adipose tissue. Figure by Dr. Olivia Walch (@oliviawalch).
The possibility of uncoupling between SCN-driven hormonal rhythms and peripheral clock gene expression in humans is in line with prior findings: in a simulated night shift work protocol, James et al. [9] shifted the sleep schedule, meal times, and light/dark cycle by 10 hours, and observed that clock gene expression (PER1 and PER2) in peripheral blood mononuclear cells was aligned to the new sleep and wake cycle after as little as three days, while centrally driven rhythms in melatonin and cortisol took much longer to adapt (i.e., 9 days). Wehrens et al. [5] did not observe shifts in whole blood clock gene expression. This could be due to differences between peripheral blood mononuclear cells and whole blood; alternatively, the data may suggest that meal timing per se is insufficient to achieve a shift in clock gene expression in blood, but will in combination with shifts in sleep timing and light exposure.
One may have expected that a 5-hour shift in meal timing would also result in a change of subjective hunger levels, which Wehrens et al. [5] did not observe; their findings, however, are in line with the recently described endogenous circadian modulation of subjective hunger, peaking in the biological evening [10] . Meal timing did not influence sleep duration, fragmentation, latency or efficiency, as estimated by actigraphy, or subjective sleepiness before the constant routine protocols. Although there is some evidence to suggest that meals close to bedtime may influence sleep, data are very limited (e.g., [11] ). Further studies, especially using polysomnography, are required to determine the effects of meal timing on sleep. The absence of changes in sleep are also relevant for the interpretation of changes in glucose rhythms, because sleep loss can cause altered glucose metabolism [12, 13] . Wehrens et al. [5] noted a decrease in the average 24-hour glucose concentrations when comparing late to early meal conditions, which could not be explained by changes in sleep estimates. A possible explanation for decreased glucose concentrations might be inherent to the experimental set-up: all participants first underwent the early, and then the late meal timing condition. While it is unlikely that this order explains the shifts in glucose and SAT PER2 rhythms (as the timing of the melatonin rhythm was unaffected), the duration of being in the study or on the study diet might have influenced glucose concentrations.
Taken together, the findings reported by Wehrens and colleagues [5] are fascinating because they reveal that body clocks can be targeted independently of the central circadian clock. Of relevance, shifting meal timing separately from the light/dark cycle has been shown to influence metabolic health and has been suggested for cardiometabolic risk management [14, 15] . For example, earlier meal timing has been associated with more effective weight-loss therapy in overweight and obese patients [16] [17] [18] .
To what extent the current findings are translatable to recommendations for, e.g., circadian rhythm sleep disorder patients and shift workers, and whether the effects of meal timing on peripheral clock timing could support internal synchrony and metabolic health will have to be tested in future studies. Unlike light exposure, which in shift workers is often regulated by the employer, meal timing may be more under individual control, and thereby represent a potentially powerful, complementary approach for future, personalized disease prevention strategies [19] .
